INTRODUCTION {#s1}
============

The cancer stem cell model proposes that tumor progression, drug resistance, metastasis, and relapse after therapy may be driven by a subset of cells within a tumor. This phenomenon is a functionally important example of intra-tumor heterogeneity \[[@R1], [@R2]\]. During the past few years, cancer stem cells (CSCs) have been identified in, and isolated from, solid tumors such as breast, brain, colon, pancreatic, and prostate tumors \[[@R3]--[@R7]\]. The identification of CSCs has important implications for future therapeutic approaches. Recent evidence suggests that like other tumors, human lung cancers may also harbor CSC populations \[[@R8], [@R9]\]. However, identification and targeting of human lung CSCs has been hampered by the lack of reliable lung cancer stem cell markers \[[@R10]\].

The aldehyde dehydrogenase (ALDH) family comprises cytosolic isoenzymes responsible for oxidizing intracellular aldehydes, including the oxidation of retinol to retinoic acid in early stem cell differentiation \[[@R11]\]. Recent evidence suggests that ALDH activity has also identified CSCs in a variety of tumor types \[[@R12]--[@R22]\]. Disulfiram (DSF) is an aldehyde dehydrogenase inhibitor that was used as a vermicide in the 1930s and for alcohol aversion therapy since the 1940s \[[@R11]\]. Accumulating evidence demonstrates that DSF has strong anticancer activity against certain types of cancer both *in vitro* and in mouse models \[[@R23]--[@R26]\]. Inhibition of ALDH activity has been investigated as a potential strategy to eliminate cancer stem cells \[[@R27]\], and the results suggest that DSF may specifically target cancer stem cell subpopulations. Also, previous studies indicated that the cytotoxicity of DSF is copper (Cu)-dependent \[[@R26], [@R28]--[@R30]\]. In breast cancer, DSF and copper treatment inhibits NF-κB activity, elevates ROS levels and decreases the number of breast cancer stem cells *in vitro* \[[@R31]\]. DSF, either alone or in combination with copper, inhibits the growth of lung cancer cells *in vitro* \[[@R32]\]. These findings led us to investigate the effect of DSF/copper complex treatment on ALDH-positive NSCLC stem cells *in vitro* and *in vivo*.

In this study, we examined the efficacy of the DSF/Cu complex against ALDH-positive NSCLC stem cells in cell lines and lung cancer xenografts. Our *in vivo* data showed that the DSF/Cu complex was more effective than DSF alone at eliminating ALDH-positive cells and inhibiting tumor recurrence, as reflected by the inhibition of tumor growth in recipient mice that were inoculated with tumor cells derived from DSF/Cu-treated cell lines or primary xenografts. Furthermore, we investigated the stem cell-related function and significance of ALDH isozymes in NSCLC cell lines. Our data showed that ALDH1A1, which plays a key role in ALDH-positive NSCLC stem cells, is the target of the DSF/Cu complex.

RESULTS {#s2}
=======

ALDH-positive cells represent cancer stem cells in NSCLC cell lines {#s2_1}
-------------------------------------------------------------------

ALDH activity can be determined by the Aldefluor assay, which has been used to identify CSCs in a variety of tumor types \[[@R12]--[@R22]\]. Although previous reports have characterized the ALDH-positive CSC population in some NSCLC cell lines \[[@R21], [@R22]\], it is necessary to confirm the identity of CSCs in specific experimental environments. Therefore, Aldefluor assays followed by FACS analysis were used to assess the presence of a cell population with ALDH activity, and then colony forming assays were used to compare the colony forming capacity of ALDH-positive and ALDH-negative cells in four NSCLC cell lines (NCI-H1299, NCI-H460, NCI-H522 and A549). We found that all cell lines had a small ALDH-positive population, with 2.0% (2.00 ± 0.03) in NCI-H1299, 1.6% (1.60 ± 0.67) in NCI-H460, 1.9% (1.87 ± 0.04) in NCI-H522 and 0.2% (0.23 ± 0.04) in A549 (Figure [1A](#F1){ref-type="fig"} and [Supplemental Figure S1](#SD1){ref-type="supplementary-material"}). However, only in the NCI-H1299 and NCI-H460 cell lines did the ALDH-positive cells show a significantly higher colony-forming efficiency than the ALDH-negative cells, as judged by clonal assays (Figure [1B](#F1){ref-type="fig"} and [Supplemental Figure S1](#SD1){ref-type="supplementary-material"}). These data indicated that the ALDH-positive subpopulation of the NCI-H1299 and NCI-H460 cell lines possessed a high self-renewal capacity. We also found that some other NSCLC cell lines, such as A549, contain cells with high colony forming efficiency that are positive for other putative CSC markers, such as CD133 ([Supplemental Figure S2](#SD1){ref-type="supplementary-material"}). Therefore, the NCI-H1299 and NCI-H460 cell lines were chosen as models for further research into the role of ALDH in CSCs.

![ALDH-positive cells represent cancer stem cells in some NSCLC cell lines\
**A.** ALDH-positive and ALDH-negative cells were isolated from the indicated NSCLC cell lines by FACS. Brightly fluorescent ALDH-expressing cells (ALDH-positive cells) were detected in the green fluorescence channel (BAA) using flow cytometry. DEAB, a specific inhibitor of ALDH, was used to establish the baseline fluorescence of these cells and to define the ALDH-positive region. **B.** Analysis of cell colony numbers in colony forming assays of ALDH-positive and ALDH-negative cells (\*\*\**P* \< 0.001, χ^2^ test). **C.** Analysis of stem cell transcription factors by western blotting. **D.** Double staining of Aldefluor and CD133 (PE) in NCI-H1299 cells. **E.** Comparison of primary xenograft formation by sorted ALDH-positive and ALDH-negative NCI-H1299 cells in NOD/SCID mice (\*\**P* \< 0.01, 2-tailed *t* test). **F.** The percentage of ALDH-positive cells in xenograft tumors derived from ALDH-positive and ALDH-negative cells. **G.** Comparison of tumor take (%) in NOD/SCID mice with secondary xenografts of ALDH-positive and ALDH-negative cells taken from primary xenograft tumors (\*\**P* \< 0.01, χ^2^ test, compared with the ALDH+ 500 cells group; \#*P* \< 0.05, χ^2^ test, compared with the ALDH+ 5000 cells group).](oncotarget-07-58516-g001){#F1}

Oct4, Sox2 and Nanog are consistently detected in human CSCs \[[@R33]\], so we compared their expression in ALDH-positive and ALDH-negative cells. Our data showed that Nanog, Oct-4 and Sox2 were expressed at higher levels in ALDH-positive NCI-H1299 cells than in ALDH-negative NCI-H1299 cells, suggesting that in the NCI-H1299 cell line, ALDH expression may be essential for maintaining self-renewal and tumorigenesis (Figure [1C](#F1){ref-type="fig"}). To further explore whether ALDH is a single CSC marker in NSCLCs, H1299 cells were double-stained with Aldefluor and another putative NSCLC stem cell marker, CD133 (PE). As shown in Figure [1D](#F1){ref-type="fig"}, the whole ALDH-positive population (1.4%) also showed a high level of CD133 expression. The proportion of ALDH+/CD133- cells was 0.0%. There was a high degree of overlap between CD133 and ALDH expression.

The gold standard for identification of CSCs is whether the cells can preferentially initiate tumor development in animal models \[[@R2]\]. To investigate possible differences in tumor-forming potential between the ALDH-positive and ALDH-negative sorted cells, 5×10^3^ ALDH-positive and 5×10^3^ ALDH-negative NCI-H1299 cells were injected under the skin in opposite sides of NOD/SCID mice (4 mice in each group). After 7 weeks, the ALDH-positive NCI-H1299 cells generated much larger tumors than the ALDH-negative cells in all the mice (Figure [1E](#F1){ref-type="fig"}). To elucidate whether ALDH-positive H1299 cells could create larger tumors with heterogeneity *in vivo*, Aldefluor analysis was carried out on disassociated cells from the first generation tumor engrafts. The engrafted tumors derived from ALDH-positive cells gave rise to 4.7% ALDH-positive cells and the tumors derived from ALDH-negative cells gave rise to 1.4% ALDH-positive cells (Figure [1F](#F1){ref-type="fig"}). Living cells from the dissociated tumor engrafts were sorted for secondary xenografts. ALDH-positive and ALDH-negative cells were inoculated in opposite sides of NOD/SCID mice at a dose of 5,000 or 500 cells. The results showed that the secondary xenograft tumors that developed from the ALDH-positive cells were larger than the tumors from ALDH-negative cells, especially in the 500 cells group (Figure [1G](#F1){ref-type="fig"}). Our *in vivo* data suggested that ALDH-positive NCI-H1299 cells possess the unique features of cancer stem-like cells, including initiation of tumorigenesis, self-renewal, and the reinitiation of serially transplantable tumors.

Taken together, the results of the *in vivo* and *in vitro* assays indicated that within some NSCLC cell lines, the ALDH-positive cells have the broadest self-renewal and differentiation potential *in vitro* and the highest growth potential *in vivo*.

DSF/Cu inhibits the stemness of NSCLCs *in vitro* {#s2_2}
-------------------------------------------------

As shown above, ALDH-positive cells represent the stem cell population in some NSCLC cell lines. Therefore, DSF, which has been proved to be an irreversible inhibitor of ALDHs, may also inhibit NSCLC stem cells. Firstly, we examined the effects of DSF and DSF/Cu on the ALDH-positive populations in NCI-H1299 and NCI-H460 cells. As shown in Figure [2A](#F2){ref-type="fig"} and [Supplemental Figure S3](#SD1){ref-type="supplementary-material"}, both DSF (0.02 μM, 0.1 μM and 0.5 μM) alone and the DSF/Cu complex (0.02/1 μM, 0.1/1 μM and 0.5/1 μM) significantly reduced the proportion of ALDH-positive cells (control: 2.03% ± 0.38%; DSF, 0.5 μM: 0.33% ± 0.04%; DSF/Cu, 0.5/1 μM: 0.07% ± 0.04%).

![DSF/Cu inhibits the stemness of NSCLCs *in vitro*\
**A.** Inhibitory effect of DSF (0.5 μM), Cu (1 μM) and DSF/Cu (0.5/1 μM) on the ALDH-positive cell population from the NSCLC cells lines H1299 and H460. **B.** DSF (0.1 μM, and 0.5 μM) and DSF/Cu (0.1/1 μM, and 0.5/1 μM) inhibit the expression of the stem cell transcription factors Nanog, Sox2 and Oct-4 expression in H1299 cells. **C.** Inhibitory effect of DSF (0.5 μM), Cu (1 μM) and DSF/Cu (0.5/1 μM) on the colony forming ability of H1299 cells (\**P* \< 0.05, \*\**P* \< 0.01, \#\#*P* \< 0.01, one-way ANOVA). **D.** Inhibitory effect of DSF and DSF/Cu on tumorsphere formation. Tumorspheres were incubated with DSF (0.5 μM), Cu (1 μM) and DSF/Cu (0.5/1 μM) for 7 days. Scale bar, 100 μm. (\*\**P* \< 0.01, \*\*\**P* \< 0.001, one-way ANOVA). **E.** Inhibitory effect of DSF/Cu on transwell invasion assay. Cells were incubated with DSF (0.5 μM), Cu (0.5 μM) and DSF/Cu (0.1/0.5 μM, 0.25/0.5 μM and 0.5/0.5 μM) in transwells for 24 hours (\**P* \< 0.05, \*\**P* \< 0.01, one-way ANOVA).](oncotarget-07-58516-g002){#F2}

Next, we examined the inhibitory effects of DSF, Cu and DSF/Cu treatment on the expression of the stem cell transcription factors Nanog, Sox2 and Oct-4. As shown in Figure [2B](#F2){ref-type="fig"}, DSF/Cu dramatically reduced the expression of all three stem cell transcription factors in a concentration-dependent manner, and the inhibitory activity of DSF/Cu was far more potent than DSF alone.

We further tested the ability of DSF and DSF/Cu to inhibit the colony-forming efficiency of ALDH-positive cells derived from NCI-H1299 cells. As shown in Figure [2C](#F2){ref-type="fig"}, DSF/Cu (0.5/1 μM) had a significantly stronger inhibitory effect on colony formation than DSF alone (0.5 μM). We also compared the ability of DSF/Cu to inhibit the colony-forming ability of cell lines which harbor ALDH-positive CSCs and those which do not harbor ALDH-positive CSCs. We examined the efficacy of DSF/Cu on the ALDH-positive subsets in the NCI-H1299, NCI-H460 and A549 cell lines. As shown in [Supplemental Figure S5, DSF](#SD1){ref-type="supplementary-material"}/Cu (0.5/1 μM) inhibited the colony-forming ability of ALDH-positive cells in all these lung cancer cell lines. However, the inhibitory efficacy in A549 cells (79.5%) was lower than in NCI-H1299 and NCI-H460 cells (100%). Thus, these results demonstrate that DSF/Cu may be useful in the treatment of lung tumors that harbor a subpopulation of ALDH-positive CSCs.

Similar results were also observed in tumorsphere forming assays. It has been shown that cancer stem/progenitor cells are enriched in non-adherent spherical clusters of cells \[[@R2]\]. To evaluate whether DSF and DSF/Cu can inhibit the formation of tumorspheres *in vitro*, we exposed tumorspheres to DSF (0.5 μM), Cu (1 μM) and DSF/Cu (0.5/1 μM) for 24 h. As shown in Figure [2D](#F2){ref-type="fig"} and [Supplemental Figure S6, DSF and DSF](#SD1){ref-type="supplementary-material"}/Cu inhibited the formation of tumorspheres. The inhibitory efficacy of copper may be due to ROS formation, which is promoted by copper ions. We also evaluated the anti-proliferative effects of DSF in NCI-H1299 and NCI-H460 cells by MTT assay ([Supplemental Figure S4](#SD1){ref-type="supplementary-material"}). The data showed that DSF/Cu significantly inhibited the proliferation of ALDH-positive NSCLC stem cells.

The capacity for invasion and metastasis may also be an important property of CSCs \[[@R2]\]. Therefore, the invasion of NCI-H1299 and NCI-H460 cells was measured by transwell assays after treatment with DSF (0.5 μM), Cu (0.5 μM) and DSF/Cu (0.1/0.5 μM, 0.25/0.5 μM and 0.5/0.5 μM) for 24 h. The results showed that DSF/Cu dramatically reduced the fetal bovine serum (FBS)-induced invasion of NSCLCs in a concentration-dependent manner (Figure [2E](#F2){ref-type="fig"} and [Supplemental Figure S7](#SD1){ref-type="supplementary-material"}).

Taken together, these results demonstrated that treatment with DSF/Cu, but not DSF alone, significantly inhibited the stemness of ALDH-positive cells *in vitro*.

DSF/Cu inhibits ALDH-positive NSCLC stem cells *in vivo* {#s2_3}
--------------------------------------------------------

To determine whether DSF/Cu can inhibit ALDH-positive NSCLS stem cells *in vivo*, we used a xenograft model of ALDH-positive NCI-H1299 cells in NOD/SCID mice. ALDH-positive cell populations were analyzed using the Aldefluor assay and sorted by FACS. Tumor cells were implanted into three groups of mice (five mice in each group).

Two weeks after cell inoculation, animals were intravenously injected with 0.9% NaCl solution (control) or DSF (DSF-loaded lipid emulsion, 30 mg/kg and 60 mg/kg) with Cu (intragastric administration, 2.4 mg/kg) every two days. After 2 weeks of treatment, tumors in the DSF/Cu (30/2.4 mg/kg) mice were 62.4% of the size of those in the control animals, and tumors in the DSF/Cu (60/2.4 mg/kg) mice were 46.6% of the size of those in the control animals (Figure [3A](#F3){ref-type="fig"}). DSF/Cu had no apparent toxicity as determined by body weight measurement (Figure [3B](#F3){ref-type="fig"}). The inhibitory efficacy of DSF/Cu treatment on the expression of the stem cell transcription factors Nanog and Oct-4 in tumor tissues was also examined. As shown in Figure [3C](#F3){ref-type="fig"}, DSF/Cu treatment inhibited the expression of Nanog and Oct-4 in a dose-dependent manner. These results suggested that DSF/Cu was able to eliminate NSCLC stem cells in xenografted ALDH-positive cells.

![DSF/Cu inhibits ALDH-positive NSCLC stem cells *in vivo*\
**A.** DSF/Cu decreases the size of tumors derived from ALDH-positive NSCLC xenografts. Images of the tumors that developed in NOD/SCID mice from each treatment group are also shown. (\**P* \< 0.05, one-way ANOVA). **B.** DSF/Cu has no apparent toxicity as determined by body weight. **C.** Representative images of immunohistochemical staining of tumor tissue for the stem cell transcription factors Nanog and Oct-4. The staining intensity was scored as 0 (negative), 1 (weak), 2 (medium) and 3 (strong). Extent of staining was scored as 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%) and 4 (76-100%), according to the percentage of the positively stained areas in relation to the whole carcinoma area (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, one-way ANOVA).](oncotarget-07-58516-g003){#F3}

Effects of DSF/Cu treatment on NSCLC stem cell numbers *in vitro* and tumor recurrence *in vivo* {#s2_4}
------------------------------------------------------------------------------------------------

To determine whether DSF/Cu can inhibit tumor regrowth *in vivo*, we assessed the functional presence of CSCs by assaying for *in vivo* tumor-seeding ability after drug treatment *in vitro*. In these experiments, NCI-H1299 cells were treated with drugs *in vitro* for 5 days, allowed to recover and expand in culture for at least 5 days in the absence of drug treatment, then injected in serial limiting dilutions into mice. At the same time, we tested these pretreated cells for ALDH activity, expression of stem cell transcription factors, and proliferation and migration capacity (Figure [4A](#F4){ref-type="fig"}). As shown in Figure [4B](#F4){ref-type="fig"}, DSF/Cu significantly decreased ALDH activity (0.3%) relative to the DMSO control (2.0%), but paclitaxel (2.3%) and DSF alone (3.2%) treatment slightly increased the ALDH activity in pretreated cells. These results suggest that in the groups pretreated with paclitaxel and DSF alone, the expansion of ALDH-positive CSCs increased during the recovery process. As shown in Figure [4C](#F4){ref-type="fig"}, DSF/Cu pretreatment resulted in a \>40-fold decrease in sphere-forming ability relative to control or paclitaxel pretreatment. Similarly, DSF/Cu pretreatment inhibited the expression of the stem cell transcription factors Sox2 and Nanog more strongly than DSF alone or paclitaxel (Figure [4D](#F4){ref-type="fig"}). There was no obvious inhibition of Oct-4 expression. As shown in Figure [4E](#F4){ref-type="fig"}, paclitaxel, DSF and DSF/Cu pretreatments all inhibited the migratory capacity of the cells, but DSF/Cu pretreatment had enhanced inhibitory efficacy relative to pretreatment with paclitaxel and DSF alone. Taken together, our results show that in pretreatment experiments, DSF/Cu significantly inhibited the stemness of NCI-H1299 cells *in vitro*.

![Effects of DSF/Cu pretreatment on NSCLC stem cell numbers *in vitro* and tumor seeding *in vivo*\
**A.** Schematic representation of treatment scheme. Cells were pretreated with drugs, then allowed to recover before experimental testing. **B.** Inhibitory effect of drug pretreatment on ALDH-positive cell populations before inoculation. **C.** Inhibitory effect of drug pretreatment on tumorsphere formation. Scale bar, 50 μm. (\**P* \< 0.05, \*\*\**P* \< 0.001, χ^2^ test). **D.** Inhibitory effect of drug pretreatment on the expression of stem cell transcription factors. **E.** Inhibitory effect of drug treatment on transwell migration assays (\*\**P* \< 0.01, \*\*\**P* \< 0.001, one-way ANOVA). **F.** Latency periods and tumor take percentage in xenograft mice receiving cells pretreated with the indicated drugs.](oncotarget-07-58516-g004){#F4}

We also observed that DSF/Cu pretreatment of NCI-H1299 cells resulted in a dramatic decrease in tumor seeding relative to cells pretreated with DMSO (control), paclitaxel and DSF alone (Figure [4F](#F4){ref-type="fig"} and Table [1](#T1){ref-type="table"}). The tumor incidence and latency period in mice receiving DSF/Cu-pretreated cells showed clear distinctions relative to mice receiving cells pretreated with DMSO, paclitaxel or DSF alone (Table [1](#T1){ref-type="table"}). These findings confirmed that ALDH-positive CSCs within NSCLCs are resistant to paclitaxel and DSF alone, but are sensitive to DSF/Cu. Treatment with the DSF/Cu complex may be a potential strategy to inhibit NSCLC recurrence driven by ALDH-positive CSCs.

###### Tumor incidence and latency period in xenograft mice receiving cells pretreated with different drugs

  Group        Cells injected   Tumor incidence   Latency period(days)
  ------------ ---------------- ----------------- ----------------------
  Control      5000             6/6 (100.0%)      35
               1000             6/6 (100.0%)      57
               100              3/6 (50.0%)       56
  Paclitaxel   5000             6/6 (100.0%)      48
               1000             5/6 (83.3%)       52
               100              2/6 (33.3%)       72
  DSF          5000             7/7 (100.0%)      33
               1000             6/6 (100.0%)      54
               100              6/6 (100.0%)      62
  DSF/Cu       5000             1/6 (16.7%)       88
               1000             0/7 (0.0%)        \-
               100              0/6 (0.0%)        \-

Effects of DSF/Cu treatment *in vivo* and tumor regrowth on secondary xenografts {#s2_5}
--------------------------------------------------------------------------------

To determine whether DSF/Cu can target ALDH-positive cells and inhibit tumor growth and recurrence *in vivo*, we used a secondary xenograft model of NCI-H1299 cells in NOD/SCID mice (Figure [5A](#F5){ref-type="fig"}). Three groups of mice (NaCl solution control, DSF 60 mg/kg and DSF/Cu 60/2.4 mg/kg; eight mice in each group) were implanted with tumor cells. The animals were intravenously injected with 0.9% NaCl solution, DSF (DSF-loaded lipid emulsion) or DSF/Cu (Cu, intragastric administration) every two days. After 2 weeks of treatment, the volumes of all the primary xenograft tumors in the DSF/Cu and DSF treatment groups were significantly smaller than those in control animals (Figure [5B](#F5){ref-type="fig"}). However, the ability of residual cancer cells to initiate tumors upon reimplantation in secondary mice is a more definitive assay, so we examined the growth of secondary tumors in NOD/SCID mice inoculated with primary tumor cells obtained from the primary xenografts. The results showed that cancer cells from control and DSF-treated animals exhibited rapid tumor regrowth and a higher tumor take percentage. However, the cancer cells obtained from DSF/Cu-treated mice largely failed to produce any tumors in the recipient mice up to 8 weeks after implantation (Figure [5C](#F5){ref-type="fig"} and Table [2](#T2){ref-type="table"}). By day 67, tumor cells derived from DSF/Cu-treated mice only caused two tumors out of eight inoculations, whereas the other tumor cells yielded tumors as early as days 42 to 54 (Table [2](#T2){ref-type="table"}). At the end of the experimental period (13 weeks), tumors were isolated from the animals and the tumor cells were analyzed by Aldefluor assay. As shown in Figure [5D](#F5){ref-type="fig"}, DSF/Cu reduced the ALDH-positive population to 0%.

![Effects of DSF and DSF/Cu treatment *in vivo* and tumor growth on secondary xenografts\
**A.** Schematic representation of the treatment scheme. **B.** Drug treatment reduces the size of primary xenograft tumors (\**P* \< 0.05, 2-tailed *t* test). **C.** Percentage of tumor take and latency period in mice receiving secondary xenografts from each treatment group. **D.** Percentage of ALDH-positive cells in secondary xenograft tumors from each treatment group.](oncotarget-07-58516-g005){#F5}

###### Tumor incidence and latency period in mice receiving secondary xenografts

  Group         Cells injected   Tumor incidence   Latency period(days)
  ------------- ---------------- ----------------- ----------------------
  Control       5000             6/8 (75.0%)       48
  DSF/5000      5000             7/8 (87.5%)       42
  DSF/Cu/5000   5000             2/8 (25.0%)       67

As shown in Figure [5C](#F5){ref-type="fig"}, the residual cancer cells from animals treated with DSF alone exhibited more rapid tumor regrowth and a higher tumor take percentage than the control group. A reasonable explanation for this is that DSF inhibited non-CSCs in the primary tumors, which may increase the proportion of CSCs in the residual cancer cells. After inoculating the same number of residual cancer cells into the secondary mice, it would therefore be expected that the DSF group would exhibit more rapid tumor regrowth and a higher tumor take percentage than the control group.

These results suggest that DSF/Cu is able to eliminate ALDH-positive NSCLC stem cells in primary xenografts, thereby abrogating the regrowth of tumors in secondary mice. Taken together with the *in vivo* Aldefluor assay results, these findings suggest that the DSF/Cu complex, rather than DSF alone, targets ALDH-positive NSCLC stem cells with high potency and inhibits tumor recurrence *in vivo*.

ALDH1A1 plays a key role in the DSF/Cu-induced elimination of cancer stem cells {#s2_6}
-------------------------------------------------------------------------------

Recent evidence suggests that ALDH1 or ALDH3A1, which may be lung tumor stem cell markers or therapeutic targets, are highly expressed in some NSCLC cell lines as well as in patient lung cancer samples \[[@R21], [@R22]\]. However, the stem cell-related function and significance of the ALDHs have not yet been thoroughly investigated in NSCLCs. Therefore, we firstly examined the inhibitory effects of DSF, Cu and DSF/Cu treatment on the expression of three ALDH isozymes, ALDH1A1, ALDH1A3 and ALDH3A1. As shown in Figure [6A](#F6){ref-type="fig"}, DSF/Cu dramatically reduced the expression of all three ALDH isozymes in a concentration-dependent manner, and DSF/Cu was far more potent than DSF alone.

![ALDH1A1 plays a key role in ALDH-positive NSCLC stem cells\
**A.** DSF (0.1 μM, and 0.5 μM) and DSF/Cu (0.1/1 μM, and 0.5/1 μM) inhibits the expression of the ALDH isozymes ALDH1A1, ALDH1A3 and ALDH3A1. **B.** The effects of siRNA knockdown of ALDH isozymes on colony-forming efficiency (\**P* \< 0.05, one-way ANOVA). **C.** The levels of stem cell transcription factors in siRNA-treated cells. **D.** ALDH activity in siRNA-treated cells. **E.** Top row: the effects of overexpression of ALDH isozymes on the colony-forming efficiency of NCI-H1299 cells; bottom row: the inhibitory effects of DSF (0.5 μM) and DSF/Cu (0.5/1 μM) on ALDH1A1-overexpressing NCI-H1299 cells (\*\**P* \< 0.01, \*\*\**P* \< 0.001, one-way ANOVA).](oncotarget-07-58516-g006){#F6}

To explore the role of ALDH isozymes in ALDH-positive NSCLC stem cells and the mechanism underlying the activity of DSF/Cu, we used specific siRNAs to silence ALDH1A1, ALDH1A3 and ALDH3A1 in NCI-H1299 cells. We examined the effects of siRNA knockdown of ALDH isozymes on the capacity of the cells for self-renewal, the expression of stem cell transcription factors, and ALDH activity. Cells transfected with scramble siRNA were used as controls. The levels of ALDH isozymes in siRNA-treated cells were reduced by more than 70% compared with control cells ([Supplemental Figure S8](#SD1){ref-type="supplementary-material"}). We assessed the effects of knockdown of ALDH isozymes on colony-forming efficiency. As shown in Figure [6B](#F6){ref-type="fig"}, the colony numbers were significantly reduced by knockdown of ALDH1A1, but not of ALDH1A3 or ALDH3A1. This result suggests that ALDH1A1 predominantly contributed to the colony-forming capacity. Moreover, we assessed the expression of stem cell transcription factors in ALDH1A1, ALDH1A3 and ALDH3A1 knockdown cells. As shown in Figure [6C](#F6){ref-type="fig"}, the expression of Nanog, Oct-4 and Sox2 was more strongly reduced in ALDH1A1 knockdown cells than in ALDH1A3 or ALDH3A1 knockdown cells, suggesting that ALDH1A1 plays a key role in maintaining the stemness of NCI-H1299 cells. Furthermore, we examined the ALDH levels in siRNA-treated cells by Aldefluor assays, and found that ALDH1A1 and ALDH1A3 contribute to functional ALDH activity (Figure [6D](#F6){ref-type="fig"}). These results suggest that ALDH activity is associated with ALDH1A1 and ALDH1A3 expression, yet only ALDH1A1 plays a key role in maintaining ALDH-positive stem cells in NCI-H1299 cells.

To further evaluate whether ALDH1A1 is the target of the DSF/Cu complex, plasmids expressing human ALDH isozymes were transfected into NCI-H1299 cells. As shown in Figure [6E](#F6){ref-type="fig"}, ALDH1A1-overexpressing cells exhibited stronger colony-forming efficiency than normal NCI-H1299 cells. Interestingly, ALDH1A3- and ALDH3A1-overexpressing cells had lower colony-forming efficiency than control NCI-H1299 cells. Moreover, DSF and DSF/Cu both significantly inhibited the colony-forming capacity of ALDH1A1-overexpressing cells (Figure [6E](#F6){ref-type="fig"}). The inhibitory efficacy of DSF/Cu complex appeared to be stronger than that of DSF alone, but the difference was not statistically significant (Figure [6E](#F6){ref-type="fig"}).

Taken together, these results show that ALDH1A1, which plays a key role in maintaining ALDH-positive NSCLC stem cells, may be the target of the DSF/Cu complex.

DISCUSSION {#s3}
==========

The anticancer efficacy of DSF, a clinically used anti-alcoholism drug, has been evaluated in various cancers \[[@R23]--[@R26]\]. DSF also enhances the cytotoxicity of several anticancer drugs as well as radiotherapy, suggesting that it is a potential chemotherapeutic agent \[[@R34]\]. An initial assessment of the effect of adding DSF to standard chemotherapy in lung cancer has recently been completed (NCT 00312819). The results showed that there was an increase in survival in the experimental group. Other Phase I/II clinical trials of DSF in melanoma and liver metastases (NCT00256230 and NCT00742911) are ongoing. However, the effect of DSF/Cu treatment in CSCs and its role as an irreversible inhibitor of ALDHs has not been thoroughly studied. Therefore, in the present study, both *in vitro* and *in vivo* systems were used to determine whether DSF acts against ALDH-positive NSCLC stem cells.

Previous reports have indicated that the anticancer activity of DSF is dependent on copper \[[@R26], [@R28]--[@R30]\]. Our data showed that CSCs within NSCLCs are resistant to paclitaxel and DSF alone but are sensitive to DSF/Cu (Figure [4](#F4){ref-type="fig"}--[5](#F5){ref-type="fig"}). In other words, copper is critical for DSF-induced cytotoxicity in NSCLC stem cells. Mechanisms of copper-induced cytotoxicity are still poorly defined. It has been reported that bioavailable copper levels modulate tumor growth. Serum copper levels are elevated in cancer patients and copper-chelating drugs have antiangiogenic activity in animal models \[[@R35], [@R36]\]. Copper binding agents, which act as copper ionophores, lead to caspase inhibition and paraptotic cell death in human cancer cells \[[@R29]\]. DSF, as a bivalent metal ion chelator, forms a complex with copper and has enhanced cytotoxicity. In addition, DSF has low chemical stability in physiological environments \[[@R37]\]. The DSF/Cu complex may also improve the transport of DSF into cancer cells.

To explore whether the DSF/Cu complex may have an inhibitory effect on growth factor receptors mediating the expansion of CSCs, we tested the inhibitory effects of DSF and DSF/Cu treatment on the expression of EGFR, FGFR1 and IGF-1Rβ in both H1299 and A549 cells ([Supplemental Figure S9](#SD1){ref-type="supplementary-material"}). In the H1299 cell line, which contains ALDH-positive NSCLC stem cells, DSF (0.5 μM) and DSF/Cu (0.5/1 μM) greatly reduced the expression of EGFR, FGFR1 and IGF-1Rβ. The inhibitory effect of the DSF/Cu complex was stronger than that of DSF alone. However, in the A549 cell line, which does not contain ALDH-positive NSCLC stem cells, DSF/Cu decreased the protein levels of FGFR1 but not EGFR or IGF-1Rβ. These results suggest that by inhibiting ALDH, DSF and DSF/Cu may have an inhibitory effect on the expression of growth factor receptors that mediate the expansion of ALDH-positive CSCs.

In some cases, it has proved difficult to confirm markers that originally appeared to robustly distinguish tumorigenic from nontumorigenic cells \[[@R38]\]. Thus, it is necessary to identify markers that reproducibly distinguish tumorigenic and nontumorigenic cells, at least in specific subsets of experimental cell resources. Therefore, we used a serial implantation mouse model to investigate possible differences in the tumor formation potential of sorted ALDH-positive and ALDH-negative cells, which is the gold standard for determining CSCs (Figure [1](#F1){ref-type="fig"}). Our data support the hypothesis that ALDH may be a single CSC marker in some NSCLCs, regardless of the presence of other reported lung CSC markers, such as CD133, CD44 and so on. Nevertheless, the human ALDH superfamily comprises 19 isozymes and the different isozymes may possess multiple different catalytic and noncatalytic functions. Our data showed that only ALDH1A1 plays a key role in ALDH-positive NSCLC stem cells, suggesting that ALDH1A1 could be a potential target in clinical treatment (Figure [6](#F6){ref-type="fig"}).

Cancer stem cell theory partially explains tumor recurrence, drug resistance, and tumor metastasis. The emerging evidence linking stemness to poor prognosis and therapy failure suggests that therapeutic targeting of determinants of stemness might be an effective means to eradicate CSCs and prevent recurrence \[[@R39]\]. Thus, we used two NOD/SCID xenograft models to determine whether DSF/Cu can target ALDH-positive NSCLC stem cells and inhibit tumor recurrence *in vivo*, as assessed by tumor growth in recipient mice that were inoculated with tumor cells derived from DSF/Cu-treated cell lines or primary xenografts. The results showed that DSF/Cu complex treatment was able to target ALDH-positive NSCLC stem cells and inhibit tumor recurrence (Figures [4](#F4){ref-type="fig"}--[5](#F5){ref-type="fig"}). We also observed that DSF/Cu pretreatment of H1299 cells resulted in a dramatic decrease in tumor-seeding ability relative to pretreatment with DMSO (control), paclitaxel and DSF alone (Figure [4F](#F4){ref-type="fig"}). These findings indicate that CSCs within NSCLC cell lines are resistant to paclitaxel and DSF alone but are sensitive to treatment with DSF/Cu.

In conclusion, we have shown that DSF/copper can inhibit ALDH-positive NSCLC stem cells *in vitro* and *in vivo*. These findings provide a strong rationale for clinical evaluation of the DSF/copper complex for lung cancer therapy.

MATERIALS AND METHODS {#s4}
=====================

Cell lines and reagents {#s4_1}
-----------------------

Human NSCLC cell lines (NCI-H460, NCI-H1299, NCI-H522 and A549) were obtained from the American Type Culture Collection. Authentication of these cell lines included morphology analysis, growth curve analysis and short tandem repeat analysis. Cells were routinely cultured in Roswell Park Memorial Institute 1640 medium supplemented with 10% fetal bovine serum (FBS) and maintained at 37°C in a humidified incubator with 5% CO2.

Disulfiram and Copper(II) D-gluconate were purchased from Sigma-Aldrich (St. Louis, MO, USA). The Disulfiram-loaded lipid emulsion was provided by Prof X Tang (Shenyang Pharmaceutical University, China). The drug loading content of the Disulfiram-loaded lipid emulsion was 3 mg/ml. The cumulative release of DSF from the lipid emulsion in 120 h was more than 60%. A pharmacokinetic study of DSF in rat plasma after intravenous administration of a dose of 36 mg/kg was carried out (t~1/2~ =0.1 h and t~1/2d~=0.3 h). The biological activity of the DSF-loaded lipid emulsion and conventional DSF has been compared previously \[[@R40]\].

The primary antibodies against Sox2, Oct-4 and Nanog were purchased from Cell Signaling Technology. Antibody to CD133/2 was purchased from Miltenyi Biotec. Antibodies to β-actin and GAPDH were obtained from Santa Cruz Biotechnology. Antibodies to ALDH1A1, ALDH1A3 and ALDH3A1 were obtained from Novus Biologicals. ALDH isozymes siRNA and Lipofectamine were obtained from Life Technologies. Human ALDH cDNA clone were obtained from Sino Biological Inc.

Aldefluor assay and cell sorting {#s4_2}
--------------------------------

A cell population with a high ALDH enzyme activity was previously reported to be enriched in lung stem/progenitor cells \[[@R41]\]. Aldefluor assays were performed according to the manufacturer\'s guidelines (Stem Cell Technologies). Single cells obtained from cell cultures or xenograft tumors were incubated in Aldefluor assay buffer containing an ALDH substrate, bodipy-aminoacetaldehyde (1 μmol/l per 1,000,000 cells), for 30 to 60 min at 37°C. As a negative control, a fraction of the cells from each sample was incubated under identical conditions in the presence of the ALDH inhibitor diethylaminobenzaldehyde (DEAB). Flow cytometry was used to measure the ALDH-positive cell population. Desired cell populations were isolated using a FACSAriaIII flow cytometer (BD Biosciences).

Colony forming assay {#s4_3}
--------------------

Cells were plated in 35-mm dishes at 300 cells/well and treated with different concentrations of drugs. Then the cells were incubated for an additional 7 to 12 days. Treatments were carried out in triplicate. The colonies obtained were fixed in formalin and stained with hematoxylin. The colonies were counted and compared with untreated cells.

Tumorsphere formation assay {#s4_4}
---------------------------

Single cells prepared from mechanical and enzymatic dissociation were seeded in 6-well ultra-low attachment plates (Corning, NY) at 3000 cells/well and cultured for about 2 weeks in serum-free DMEM/F-12 medium with B27 supplement (1×, Invitrogen), 20 ng/ml human recombinant bFGF (PeproTech), 20 ng/ml EGF (PeproTech), 10 ng/ml leukemia inhibitory factor (Chemicon) and 4 U/l insulin (Sigma).

Western blotting analysis {#s4_5}
-------------------------

Tumor tissue proteins were purified according to the reported method \[[@R42]\]. Equal amounts of total protein extracts from cultured cells or tissues were fractionated by 10--15% SDS-PAGE and electrically transferred onto polyvinylidene difluoride membranes (Bio-Rad, Richmond, CA). Mouse or rabbit primary antibodies and horseradish peroxidase (HRP)-conjugated appropriate secondary antibodies were used to detect the designated proteins. The bound secondary antibodies on the PVDF membrane were reacted with ECL detection reagents (Thermo Scientific) and exposed using an ImageQuant LAS 4000 mini system (GE Healthcare, Buckinghamshire, UK).

Transwell invasion assay {#s4_6}
------------------------

Cellular potential for invasiveness was determined using Matrigel invasion chambers (BD Biosciences) according to the manufacturer\'s instruction. Briefly, cells were seeded into the upper chambers at 2×10^5^ per chamber in serum-free medium. The outer chambers were filled with the same medium but containing fetal bovine serum as the chemoattractant. Cells were incubated at 37°C for 24h, and the non-invading cells were removed by swabbing the top layer of the Matrigel. The cells were fixed and stained with Calcein-AM (Sigma-Aldrich). Chemotaxis was quantified with a high content drug screening system ImageXpressR Micro (Molecular Devices) by counting cells that had migrated to the lower side of the filter.

Animal experiments {#s4_7}
------------------

For *in vivo* identification of ALDH-positive NSCLC stem cells, ALDH-positive and ALDH-negative H1299 cells were sorted out by FACS and resuspended in 200μl 1:1 Matrigel:DMEM solution. Non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice were then inoculated with 5000 ALDH-positive cells in one flank and 5,000 ALDH-negative cells in the other flank. Tumor growth was allowed to proceed for 7 weeks and then the animals were humanely euthanized. Disassociated cells were obtained from the tumors and then were reanalyzed using the Aldefluor assay and sorted by FACS. Living cells from the dissociated tumors were sorted out by FACS for secondary xenografts. 500 or 5,000 ALDH-positive and ALDH-negative cells were inoculated in opposite sides of each NOD/SCID mouse. The growth of tumors was monitored and tumor volumes were measured every other day. Tumor volume was measured according to the equation: tumor volume = (π/6) × (L × W^2^), where L and W are the longer and shorter dimensions of the tumor. Mice were humanely euthanized when the larger one of the two tumors reached 800 to 1,000 mm^3^.

For *in vivo* drug treatment studies, ALDH-positive H1299 cells were sorted and resuspended in 200μl 1:1 Matrigel:DMEM solution, then 5,000 cells were inoculated into NOD/SCID mice. Two weeks after cell inoculation, animals were injected with DSF/Cu (30 mg/kg and 60 mg/kg) every other day for 5 weeks.

For drug pretreatment experiments, parental H1299 cells were treated with DMSO, paclitaxel (10 nM), DSF (0.5 μM) and DSF/Cu (0.5/1 μM) for 5 days and allowed to recover in the absence of drug for at least 5 days prior to injection *in vivo*. Cells from different groups were serially diluted (5×10^3^, 10^3^ and 10^2^) and then injected into NOD/SCID mice. Tumor incidence was monitored for 90 days after injection.

For *in vivo* drug treatment and secondary xenografts, 1×10^6^ H1299 cells were injected into NOD/SCID mice. Drug treatment (DSF 60 mg/kg, DSF/Cu 60/2.4 mg/kg) was initiated two weeks after injection. After two weeks of treatment, tumors were dissociated to a single-cell suspension for secondary xenografts. 5×10^3^ cells from each different group were inoculated into NOD/SCID mice. Tumor incidence was monitored for 90 days after injection.

Animal information: male, 18-22g, 4-5 week-old, NOD/SCID mice. This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of Shenyang Pharmaceutical University.

Dissociation of tumors {#s4_8}
----------------------

Mice were humanely euthanized and tumors were harvested. Tumor tissues were dissociated mechanically and enzymatically to obtain a single-cell suspension as previously described \[[@R3]\]. Briefly, tumors were minced by cutting with a scalpel and incubated in DMEM medium mixed with collagenase/hyaluronidase (Stem Cell Technologies) at 37°C for 6 hours. The tissues were further dissociated with 0.25% trypsin (Hyclone), dispase and DNase (Stem Cell Technologies), and then passed through a 40-μm nylon mesh to produce a single-cell suspension, which was used for Aldefluor assays and secondary xenografts.

Immunohistochemistry {#s4_9}
--------------------

Tissues embedded in paraffin were cut into 4 μm-thick sections, deparaffinized, and treated with citrate buffer. The sections were then blocked with avidin/biotin for 20 min. The slides were incubated with primary antibody overnight at 4°C. Next, the slides were treated with secondary antibody with horseradish peroxidase goat anti-rabbit for 1--3 h and developed with 3, 3-diaminobenzidine (Sigma-Aldrich). Finally, the slides were counterstained with hematoxylin.

RNA interference {#s4_10}
----------------

RNA interference of ALDH subfamilies was done using short interfering RNA (siRNA; Invitrogen). A nonspecific scramble siRNA was used as control. For transfection, cells were seeded in 60 mm dishes and allowed to attach overnight. Cells were transfected with siRNA (20 nmol/l) using Lipofectamine (Invitrogen) according to the manufacturer\'s recommendations. The efficiency of siRNA was confirmed by western blot. 24 hours after transfection, the cells were collected and processed for analysis of colony forming assay, FACS and immunoblotting as described above.

Overexpression of ALDH isozymes {#s4_11}
-------------------------------

Expression vectors were introduced into the NCI-H1299 cells by Sinofection (Sino Biological, Beijing, China). After 6 hours, the transfection mixture was removed and replaced by medium with serum. Colony forming assays were carried out after incubation for 72 hours. Cells were treated with DSF and DSF/Cu in the same manner as described above.

Statistical analysis {#s4_12}
--------------------

Statistical software SPSS17.0 was used for all analyses. Data are presented as means ± standard error. Statistical differences were determined by two-tailed *t*-tests or by one-way analysis of variance for multiple comparisons. *P* values were derived using χ^2^ tests when the data didn\'t obey normal distribution. *P* values of \<0.05 were considered statistically significant.

SUPPLEMENTARY FIGURES AND TABLES {#s5}
================================
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